The anatomy of the intestine is outlined. The kinetics of cell proliferation, differentiation, and migration in intestinal epithelium are described. The distribution of cell types between the proliferation and differentiation compartments of the epithelium is summarized.
Introduction
Special attention has been given in recent years to the precise topology of the intestinal vasculature, particularly the microcirculation close to the epithelium; to the architecture of the intestinal epithelial cells; to the kinetics of epithelial cell proliferation, migration and differentiation; to the role of certain of these cells in catalyzing the terminal stages of gastrointestinal digestion, in absorbing solutes from the intestinal lumen and from the vascular bed, and in the translocation of water and solutes from the lumen to the circulation. Finally, there has been a revival of interest in those metabolic events which are a concomitant equally of digestion/absorption/translocation and of cell proliferation/differentiation/migration in the intestine.
This renewed interest has arisen in part from the emergence of new techniques, in part from a wider appreciation of the need for collaboration among different disciplines, and in part from the realization that intestine is an organ of critical importance to whole-body metabolism of normal and toxic materials.
This article is not intended as an exhaustive review of recent advances in our understanding of intestinal metabolism. It concentrates rather on results obtained by two relatively new experimental systems: the perfused intact intestine and suspensions of isolated intestinal epithelial cells. Quotations from the literature are selected rather than complete; they are intended to illustrate particular points and to provide the reader with access to other publications.
Anatomical Structure of Intestine
Detailed accounts of the structure of small and large intestine, of the arterial supply, venous and lymphatic drainage, and of the innervation of the tissue, will be found in any standard textbook of human anatomy. Corresponding detailed descriptions for common experimental animals are rare. A detailed account is available for the rat (1) . The present description is intended solely to provide the necessary background for this article.
Three main components of intestinal anatomy can be discerned. The luminal surface of the tissue is covered with a continuous unicellular layer of epithelial cells arranged in pallisade fashion, each cell being fused to its immediate neighbors by tight junctions near its luminal pole and, elsewhere along the lateral cell-surface membrane, by desmosomes (2, 3) . The immediate subepithelial component is mucosal tissue. In normal small intestine this is convoluted to form villi which project into the lumen and crypts which lie deep within the mucosa; in large intestine, the epithelium lines both the luminal surface proper and a regular series of pits inserted into the mucosal tissue. Circular and longitudinal muscle layers complete the major structural features of in-testine. Small and large intestine receive their arterial blood supply from three branches of the aorta: the coeliac axis, the superior and inferior mesenteric arteries. A tributary of the hepatic portal vein, the superior mesenteric vein, drains both small and large intestine. The microvascular arrangement of arterial supply and venous drainage within the villi of different species of small intestine has been described (4) . Neural control of shunting of the blood supply past the villi has been described (5) . The separate phenomenon of differential plasma skimming in the villus microvasculature has also been detailed (6) . Each villus of the small intestine is drained by a lymphatic ductule. The lymphatic drainage of the large intestine, with that of the small intestine, eventually empties into the thoracic duct. These vascular and lymphatic structures permit the establishment of two important intestinal perfusion techniques mentioned below.
Large and small intestine are innervated by sympathetic and parasympathetic nerves; the nerve supply penetrates the mucosal tissue of each villus of the small intestine. Humoral control of intestinal functions has been reviewed (7). Intestinal epithelium itself has endocrine and exocrine functions (8) (9) (10) (11) .
The intestine is richly endowed with lymphoid tissue (Peyer's patches) and cell components of the immune system are embedded in the mucosa of small intestinal villi.
Intestinal Epithelium: Morphology; Kinetics of Cell Proliferation, Migration, and Differentiation Detailed descriptions of the various epithelial cells (especially of the large intestine) have been given (12) , and the fine structure of several intestinal epithelial cells has been reviewed (8) (9) (10) .
A small population of stem cells has been identified in the crypts of small intestine (13, 14) ; these may be the origin of a few endocrine and exocrine cells found in the crypts, as well as the origin of a much larger population of proliferating cells found in the crypts immediately above the stem cells. It is well established that DNA replication, and mitotic division of epithelial cells, are confined to the lower half of the crypts of normal small intestine (15) (16) (17) . The progeny of these cell divisions migrate into the upper crypts where differentiation begins and then continues as cells emerge in ordered array out of the crypts, onto and along the villi (16); senescent cells desquamate from the tips of the villi. A notable morphological feature of the cell differentiation process is the appearance of a pronounced brush border at the luminal pole of the columnar absorptive (brush border) cells as they leave the crypts. A number of 26 hydrolytic enzymes known to be associated with the brush border increase in activity as differentiation and cell migration proceed (18, 19) . Other enzymes not associated with brush borders show more complicated patterns of change in activities during cell differentiation in small and large intestine (20) (21) (22) (23) . Allied to these changes in enzyme activity which are associated specifically with short term cell differentiation are longer term changes associated with postnatal development (24) . Circadian variation in intestinal enzyme activities, and changes in enzyme activities associated with changes in diet or exposure to xenobiotics have also been reported (25) (26) (27) (28) (29) (30) 6 Cross-sectional rings of whole tissue; suspensions of villi isolated from small intestine and incubated in vitro. 7 Homogenates of mucosal tissue scraped from the intestine. defined as digestion, absorption and translocation. Excellent reviews of these achievements are available, (31) (32) (33) (34) (35) (36) ; the ground will not be covered again here. Attention will be concentrated on examples of investigations by use of preparations 1-3, since these appear to have advantages not possessed by preparations 5-7 listed in Table 1 . Preparation 4 is dealt with elsewhere in this volume (37 (47) (48) (49) (50) (51) (52) . The perfused intestine in vitro suffers from the possible disadvantage that it is not under normal neural and humoral control. It has the advantage over the isolated loop method that it is free of the effects of continuing administration of anesthetics (the surgical procedures required to set up the perfused system last no more than 35 to 45 min, during which time the animal can be ventilated under anesthesia). Furthermore, prolonged perfusion through the vasculature is possible under controlled conditions; a simultaneous or alternative perfusion through the intestinal lumen can be established. The vascular fluid [whole blood (46) , a suspension of washed erythrocytes in physiological bicarbonate saline (42) or an emulsion of fluorocarbon FC75 in physiological bicarbonate saline (39) ] is saturated with oxygen in an artificial lung and passed once through the intestine or recirculated via the "lung." The luminal perfusing medium is likewise passed once or recirculated. In sum, an extremely versatile system for experimentation is available; absorption of substrates from either or both circuits can be measured, the appearance of products in each circuit can be followed, and the tissue is available for analysis at the end of the experiment. It should be noted that Windmueller, Spaeth, and Ganote (46) infused norepinephrine (noradrenalin) and dexamethasone into the vascular fluid during perfusion of the intestine; these infusions were found to be essential for a number of reasons (46) (Hiilsmann and Porteous, un- published work) added two further pieces of evidence in support of this view. We showed that increasing the oxygen supply to the vascular circuit of perfused rat intestine produced a prompt increase in 02 consumption and a decrease in lactate production from glucose absorbed from the vascular fluid; the effect was immediately reversed when the oxygen supply was diminished (but still substantial and in the physiological range) and this cycle ofevents could be repeated during the perfusion. Also, addition of sodium azide (2 mM) as a mitochondrial uncoupling agent (53) had no detectable effect on the 02 consumption but produced an immediate marked rise in lactate production, presumably as a response to diminished ATP production from uncoupled mitochondria. Replacement of the azide-containing medium with normal perfusion medium promptly decreased the lactate production to the original low rates. These various pieces of evidence do not provide rigorous proof of the operation of the Pasteur effect; a demonstration of an increased glucose consumption, decreased oxygen consumption, and a simultaneous increase in the conversion of glucose to lactate is required.
In separate work on the glycolytic pathway, Lamers and Hulsmann (40) used the rat intestine in vivo to show a marked tissue accumulation of fructose-lphosphate after fructose but not after glucose loading of the lumen. The ATP, ADP, and AMP contents of the tissue remained almost constant whether the lumen was empty, loaded with glucose or loaded with fructose; but under the last circumstances alone, the creatine phosphate content of the tissue was depleted by nearly 45% and the orthophosphate content was diminished by 30%. The authors concluded that in intestinal epithelium, utilization of creatine phosphate compensates for the loss of ATP which would otherwise result when fructose was phosphorylated; and that intestine differs from liver in this respect.
The experiments of Windmueller and Spaeth (47) on plasma lipoprotein synthesis will not be discussed, since lipid metabolism in the intestine will be dealt with elsewhere (54) . In a series of elegant experiments, Windmueller and Spaeth (48-52) examined the metabolic fate of glutamate, glutamine, aspartate, asparagine, arginine, and ketone bodies in the perfused rat intestine. The original papers should be consulted for full details of the observations and conclusions. Figures 1-3 attempt to give a graphic summary of some of the more important observations. Thus glucose perfused through the intestinal lumen was apparently translocated largely unchanged into the vascular circulation with about 3% metabolized (Fig. 1) ; this point will be taken up again later. Of the aspartate which was absorbed from the luminal perfusion medium, only 1% escaped metabolism, the remainder being converted to C02, alanine, lactate, and glucose in the proportions shown (other products were also formed in lesser yields). In similar experiments (Fig. 2) , Windmueller and Spaeth (49) showed that about one third of the glutamine absorbed from the lumen passed unchanged into the vascular circuit, the remainder being metabolized en route through the tissue to the products shown in the proportions indicated. Plasma glutamine was the only amino acid to be withdrawn ( Fig. 3 ) when whole rat blood was perfused through the vascular bed of the rat intestine (48, 52); 22-30% was withdrawn upon each pass through the vascular bed so it seemed that rat intestine in vivo could play an important role in whole-body metabolism of glutamine. Glutamine withdrawn from the blood perfusing the vascular bed of the intestine was metabolised in the proportions shown to C02, citrate, proline, citrulline, lactate, and protein; the C02 formed accounted for 30% of the total C02 production by the intestine during the perfusion, suggesting (48, 52 ) that glutamine was a major respiratory fuel for the intestine. Further experiments (52) revealed the remarkable fact that, at least in intestines taken from rats starved for 18 hr beforehand, 22-30o of arterial plasma glutamine (0.6 mM) was withdrawn at each pass and contributed 30%lo of the total C02 produced; of the plasma ketone bodies (0.4 mM), 15% was withdrawn by the intestine at each pass and contributed 50%o of the total C02; only 1% of the plasma fatty acid (0.7 mM) was withdrawn and contributed only 3% of the total C02; perhaps unexpectedly, only 2% of plasma glucose was withdrawn, despite its presence at much higher concentration than any of the other substrates in the perfusing blood (Table 2) , and glucose metabolism contributed only 7% of the total C02 produced by the intestine. Equally elegant and telling results appeared at about the same time from Parsons' laboratory Table 3 and show that the ratio alanine produced/glutamine utilized alters considerably as the incubation condi- (47) was that the tissue was simultaneously consuming lactate which happened to be present at relatively high concentrations in the vascular circuit in those experiments.
In sum, work with the perfused intestine over less than a decade has already added significantly to our understanding of the capacity of the tissue to withdraw and metabolise substrates from the vascular bed and/or from the intestinal lumen ( Figs. 1-3 ; Tables 2-5 ). The tissue respires effectively only when supplied with oxygen from the vascular bed (42) . It responds promptly and reversibly to any fluctuations in this supply of oxygen. A given substrate supplied alternatively from the lumen or the vascular bed and absorbed by the tissue is generally metabolised by qualitatively similar routes but its quantitative fate may be different. The tissue responds remarkably to short-term starvation and retains its starvation-adapted metabolic capacities in vitro. Glutamine, ketone bodies, fatty acids, and glucose appear to be potential major respiratory fuels, but there remain discrepancies in the relative importance ascribed by different authors to these substrates of respiration. There have been relatively few direct measurements of 02 consumption reported in conjunction with measurements of the catabolism of these substrates in perfused preparations of intestine.
Metabolism of Glucose, Amino Acids, and Ketone Bodies by Suspensions of Isolated Intestinal Brush Border Cells
Given the characteristics of the intestine described in the Introduction to this article, and the efficacy of the perfused intestine illustrated in the preceding section, it may be asked whether work with isolated cells has any value. It is clear that suspensions of brush border cells cannot reveal the quantitative differences in metabolic fate of a given substrate which have been shown by perfusing substrates altematively through the lumen and the vascular bed of the intestine. Suspensions of brush border cells may nevertheless be useful for metabolic and other studies for the following reasons: they are easily and rapidly prepared in good yield from any selected part of the intestine; subpopulations of the differentiating brush border cells can be isolated from the intestinal villi and subpopulations of proliferating and differentiating crypt cells can also be prepared if required (56) ; aliquots of the cell suspension can readily be distributed to permit simultaneous investigation of the metabolism of several different substrates; simultaneous continuous measurements of respiration are readily performed; comparative work with several different species of intestine is easily achieved as are experiments comparing cells from different regions of the same intestine; experimental results are clearly ascribable to the epithelium and not to any other intestinal tissue component.
Provided, then, that the limitations of the use of cell suspensions are borne in mind, the technique should prove useful. Experience shows that this is the case. In this author's view, the perfusion technique and the isolated cell method are complementary; they are not in competition.
An absolute prerequisite of the use of cell suspensions is that their origin in the tissue should be identified, their purity assessed, their morphological and biochemical integrity quantified. The required assessments have been published (57) . Particular attention is drawn to the existence of tight junctions and desmosomes between adjacent cells (see the Introduction to this article); the primary isolates from intestine then necessarily consist of sheets of substantial numbers of cells arranged in pallisade fashion. In the author's experience, it has so far proved impossible to prepare dispersed suspensions of intact individual cells; such individual cells as do appear under microscopic examination of isolated material are almost invariably damaged cells. Occasionally, a cluster of two or three intact cells can be found near the edge of a sheet of cells and such cells reveal clearly their characteristic brush border more radily than do the sheets of cells. Crypt cells, in contrast, are much smaller, lack a brush border and are more readily isolated as suspensions of individual cells.
We have shown (57) (Fig. 1 , Tables 4 and 5) from 33 to 100% depending upon the initial location of the glucose, the nutritional status of the animal donor, the presence or absence of other substrates and the precise conditions of perfusion. Results with respiring chick intestinal brush border cells suggest that the initial concentration of the glucose may also affect the proportion of glucose con- (59) . Detailed results of the kind illustrated in Table 6 Values shown against the products formed are the net rates of production; the percentage yield of product is also indicated. In one set of experiments, the initial concentration of substrate was 2.5 mM as indicated; in the other, it was 6.7 mM as indicated. Results obtained by the author in Professor Krebs' laboratory.
marized in Figure 4 . In essence, when glutamate or glutamine is incubated separately at low concentrations with intestinal brush border cells, the overall reactions favor glutamine synthesis. When the initial concentrations of glutamine and glutamate are raised, the reactions favor overall conversion of glutamine to glutamate. These observations do not provide a full explanation for the observed balance in favor of net consumption of glutamine by the perfused intestine (43, 45, 48, 49, 51, 52) ; further evidence and discussion will be given elsewhere.
Conclusions
Three relatively new and potent experimental systems have been described for the investigation of scalar and vectorial metabolism in intestine ( Table  1) . The results reviewed give new insight into the metabolic capacities of the intestine and suggest that, in respect of some plasma substrates, intestine must play a major role in whole body metabolism over and above its established roles in the terminal stages of digestion and in translocation of nutriments from the lumen to the portal circulation. Each of the three preparations of intestine described should provide excellent tools for screening pharmaceuticals, herbicides, pesticides, preservatives and other compounds known to present hazards to the human population, farmstock and wildlife. There is little doubt that liver has been and will continue to be a test bed for such studies. But there is no reason to believe that liver, or any other organ, enjoys a special or sole prerogative in dealing with all xenobiotics. In many circumstances, intestine is one of the first tissues to suffer insult from ingested foreign compounds. 
